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‘1’hc ’921 Ig+ rrscwch  frc.qumcy  st.zdwds  1. J”J’S-I  aud
1.J’1’S-?  were dcwlopcd to provide col~tinuous,  I cliable, high
s(abilily pcrformaucc. l;O1 simplicity, a ‘Wig lam]) is used f(rt
SMIC sclcclicrl) aud H helium buffer gas fm iou cmliug.  lu a
prclinlinfi!  y  9 dtiy ccrmpariscm bctwcm lhc Ila])})cd  ion
sMudards,  the Alla]) dc.viation  was o$t)=  1 x 1 fl”13/t 1’2 dud
a fract ional  fwqucucy s(abilily of (1x10-16  mcasurc Li for
avclaging  ti]ncs gI c a t e r  than 105 SCCOU(l  S. A  40 day
colllparison of 1.1-1 S-2 against a]] aulo-[uud  lJ-mfiscI
]~’fctcuccd (o U’1’C-NIS”l’  pu(s au upim limil ou long ICI m
dlift of 1.1’1’S-? of I .?(1 .4)x lo”)(’/day.

Jl!llmlllcliml

‘J’r-appcd  ion fwqucncy slandatds show gtcal pmmisc.
(owards  f u l f i l l i n g  scvcl al intc]rncxiiatc. aud long term
t’J-CqUCUCy  aud timing 1EC41S.  Jon trap based stau(iar’ds have
Ihc nlaiu Xjvaulfigc that the. ion (atomic oscillatm ) is
cm fitmd cmly by clcmmnagnclic flclds. I’CJ iurbatiom  due 10
collisicrus  arc g[cally rxxlLiccd and ions cau iu principle he
held indcfiuitely allowing for cx(rcmcly  long inlcrtcrgalicm
linm ‘lhc 19~lg’  iou is particularly well suited fm flcqucucy
s[atdads bc4’ausc  the large mass and c 40.5 G} 17. g[ouud
s[atc hy~~cl  fiuc. splil(iug rcducc  scnsi{ivity  10 Ihuinal aud
maguc(ie variations, J{escarch standards  1.1’1’S-1 aud 1. I”J’S-2
WCIC cJcvclcrI~cd  to provick c o n t i n u o u s  h i g h  s[fihili(y
opcl at ion. ‘J”hcsc  liucw ion trap [ 1 ] standmds (1 .I’J’S) usc
a 20~JJ~  lamp [o ~cncralc J  94 nm light fm ol)tical s[atc.
selection [2] find helium buffer gas to coo] [he ions 10 IIctir
]crcrn~ tcnlpc.rtitulc [3].

‘1 ‘he. micl-crwave. ~S,,j(J~= (),m~=())  to 2S,,Z(J;L 1,ni}= O)
hyjdiuc  lfansilicrn  of ‘931g+ 1)2s a measured Q >?xl  O1q  [5].
Gomi  siguai to noise is achie.vcd wi[h as muy as 3X J07 ious
iu a liucar  iou hap. Several local oscillators (1,()) have bcm
used, including a good quar(~ crys[al,  a JI-mast.I, or the.
S~ll~crcol~(lt)c[il~g  Cavity h4asc.1 Ckcilla(or (S(~hflo) [4,5,6].

.—— ————-.

Shml (et m pcI fm fllfiucc  d“ 7xlo’!4/zl’1  I(5] is oh[aillcd usiug
a hydl ogcu mast.1 as the local oscil la(or. With improvcn]cl)ts
10 the optics configuration, w c  cslimalc the ]aml) based
syslcm is capable of 4X10”14/11’2.

h’fcasurcd c.r~viroumcutal  scusi[ivi(y  [6] iudicaie Ihat au
ordel- of magnitude imp] ovcrncmt  co111])a1c41  10 II-maser
slabilily is pmsihk with rcgulaliou  levels still less s[liugcn[
Ihau for mascls.  llccausc. a large number of nlctcu]  y ions
WC. con flued at room [Lmlj)cI  alu IL’, the. SLXOIKI  01 dcl I )Crpplcl
.sIlift is tl~c Ica(iiug I]cl[u[ba(iml  (Ilat w’ill dic[ak> the stability
flm and the system acculacy. Curm)( frcqucucy  SICCUt-aCy
is shout 1 () ’3, tl]ough  w’ilh an ion tcm]x’1 a~ulc llic.asurcmcl~[
accuralc  10 1 % [7] OVC]  411 accuracies of 10’14  should k
p o s s i b l e .  A  cryogciiic,  lasL’r btiscd 199J1g-i  slandald  is
cuwcutly under dc.vclopmcnt al NIS”J’  [8]. “Jhis ap~tloach  LMCS
only a few ions wl)ich l imits signal  to noise, but has t he
polcnlifi]  of high absolute accuracy With  ICrug avcragin~
(i~~~cs.  }l~lh al)]~l ~ac]ll’s will bcl~~fi~  if cl)ll L’]~( rC.SCal  Ch to

develop an ultra-violc[  diode lascl capahili(y is successful
(sec. e.g. [9]), ‘1’hc JfII.  s(auckrds  would mhicvc even belle]
short (cm  sttibility, and last]- cooling would bccornc much
n)orc j)raclical.

Jn t h i s  ]JapcI, wc report OK first  9 dtiy stability
comparison bctvwcu the J1’1, 1 Ig+ tiapped ion lcscarch
stsincfards 1, J’J’S-2  find J J-l’S- 1. ‘J”his c o m p a r i s o n
cJcmcmsh files stahili(ics  well  into tbc 1 0 ” ’6 range f o r
averaging linws longer than 1 (K),000  scLonds (I:ig. 1). WC

also report a 40 day s(abili[y ccrmparisou  hctwcm 1. I’J’S-2
and twcr }1-rnascrs.

l.mg Mrnl_Slabilily  dud Unvimunmtal  ScusitiYiiy

‘J’l)c, limiting Ioug  tcrru s t a b i l i t y  dcprll(h OU thC
fl CCJUC.llCy scusitivity of (hc hyl~c.rfinc (Ifiusiliml  to
ccmfimncnt  and cnvircrumcntal pcltulbations. “1’yl)ical
opclaling conditions, flcqucncy offsets, and mcmutc41
scusitivi(ics hfivc bcm prcnriousl y Icpm (cd [6]. “J’he iccurac y

1
‘lhis work  was  pclformcd  by  the .lcl l’rcy)ulsiom  1 .rilwatory,  [’alifmliia  In<tilu(e  of ‘I’ccl,  ])olc)gy,  utIdcr colItIac(  to tlIc  Nltiohdl

Acrmaulicx aIIrl  Sp:Icc  Adn)inis(l  at ion.
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}:igulc  1: FoIty day s[ahility comparison of the IIg+ standard ],1”1’S-2 against (a) SA()-26  }1-hfascr, (b) S1’S(  S3’-1  Auto-
tuncci }1-h4,Mcr,  and (c) a nine day comparison agail]s[  [hc }Ig+ s{andald I.1’J’S-I.

and limi[ing s[abilily of lhe. lJappcd ion s(andarcls  depends
on how WCII  lhcse offsets arc undcl stood alId held cons[alit.

7’0 mcmurc lhc stabilily bc.lwc<n  t h e  lm’o ‘Wig’
slmdards each steers a sc.parale. V1 Ki-1 1 [ 1 O] }l-mast. r
r-eecivcr (l;ig. 2). ‘1’hcsc local oscillators consist of a good
clys[al crscilla[or I)hase locked 10 a  ccrmlocrn  }1-msc.r
rxcilla[or. l;ach I.0 is stmrul  .31 approximatc]y  20 second
intervals hascfi on [he. crlor signal dctcrmi)lcfi  by d~c
mic) oprocc.ssm controlling the ion [rap ililcmc)galirm Cycle.
Bcr[h receivess pmvicfc  a 100 h41 l?. OUI]NII  and one is offset
hy 1 IIz ‘1’hc 1 IIz. beat is measured and lhc s!abilily
analymi.  As shown in Figorc 2, the shxrcd output of each
1.0 is also compared against o[hcr available. reference
standal ds.

l~or fl~is initial comparison both standards were operated
with a 16 sc~ond  l)iiclowavc intcn ogalicrn cycle and a
pc.rformancc  of 1 x 10“]3/T “~. Figure 1 shours the Allan
dcvi tition of 1.1’1’S-2 compared to thrw se.paratc rcfcrctlccs,
1,1’1’S- 1, the 11-nme.r SAO-26 [10], and the. auto-[uned
11-lnascr  S“J’SC-S’1’1  [11]. “1’k SAO maser is usc.fu] for
dctc.rmining performance for averaging intervals ICSS  than
20,W0,  3?K SIW-S”l’1 maser has poorcx short term s[abili[y,
but is usc.ful as a long, termrcfercmc[12]. The S1’S~-Sl’l
mast.r is also indcpcndcntl y col~ipal cd to UTC-hTISl’ \ria
61’S to provide, a rc.fcrcnce  to the. intc.rnationai  time scale.

‘1’he data shoum in Figul  c 1 has no drift rctnal’cd, lhough
a {? has been rc.moved  fl om Ihc 1.I’J’S-2  vs. l.lTS- 1
conqm isoll for al’claging ti]ne.s Ercatcv tl]an ?0 seconds.

~..l”j’fi-2  and 1 .l’J’S-I:

The smhi]ity bctwczn the. two t! appcd ion standards
rctichcs app oxiniatcly 6X 10-’6 at 100,000 seconds.  I“his pclin[
consists of 6 samples and the. uncc.rlainty is shown in figure
1. ll~c peak at approximnte]y  S0,000 sc~onds  resulted from
a poor regulation circuit on 1.1”1’S-1. ‘l’his is mrtdc
graphical ly clear  in F’igurc 3 w4]ich shows Lhc. Allan
deviation of each trapped ion standard compmd  agains~
SAO-26. An oscillation is observe.cl in the frequency
residuals of both comparisons involving l.l-l’S-l. “Ihc
oscillation is not present in 1.1”1’S-?, which has bcttc.r colluol
ele~tronics.  in this prelilninary g day  ,llCaSurr.]))e.]lt  the

diffc.rcntia]  dlifl hctwccn 1 . 1 1 S - 2  a n d  1.ITS-1 i s
3.2(2.7)x 10]c/day. “J’his small drift cor!c.latcs well \$’ith a
knoum sensitivity and mc.asurcd drif~ of Lhc RF trapping
po[cntial  of l,l’I’S - 1 during the c.om~mrison,  I“hc. long term
drift of the SAO )~iascr is me.asurcd indc.pcndently  by both
L1-l’S-l and 1.1’1’S-2 during tl)e same tinic illtmval of
4 ,4(0.3)x 10’]s/day and 3.7(0.6)x1015/day rcs})cdivcly.  Ile
drift rate of the maser change.s over Iimc (sez al so [12]). 1 ‘or
the 40 day cowiparisc)n  bctwem SAO-26 and 1.1”1 S-2. (Fig. 1 )
the mc.asured  drift is 2.4(0.3)x 10”15/day.
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~;lf!UI’C. 4: ~hc Stability crf 1 .1’1’S-2 ccrmllarcd  against Ihc }1-lnascr S“l’SC S’1’- 1 for a sclc<kxi 14 day pcviod bctwc~n flc~uc.llcy
junlps in Ihc II-maser. Also shcrl!’n is the. ccrmplclc 40 dfiy l~”lc.asl]!cll”lcrlt.

LI’J’S-2 N!d.sl.’sc-s”l’l  :

i n  I;igs.  1 and 4 the AllaIi dc.viatioll of a 40 day
compfirison trc(wccn  1.11S-2  and tic. auto-tuned JI-miascr
S“I’S(:.  S3’] is shcw,n. ‘1’J)c,  differential ch ift bc[wcen  these
two standmts  over this 40 day span is 4.7(1 .6)x 10“;fkiay.
A closel c.xmil]ation of the time rmicicrals shows a l.ar~c 1014
frequc.rlcy  shift 10 days into chc. nmmu IcmcxIt.  This shifl can
riot bc. accounted for in 1.1’1’S-2 and is appa  Tcnlly  due 10 a
frcqucrlcy jump in the S“l’SGS’I’I  maser. ‘J’his frtqucncy
chfingc. is confirmed in long tcIm lime rcsicli)fils  in GI’S
mc.asu[cmcnls ccrmparir)g lhc S3’S(~-Sl’l  11-niaw’r t o
U1’~-hTISl’.  Similar fmqrrcncy  jumps a few tillics a yc.rtr
have also been rcporlcct  elscwhcrc. [ 1 2]. I;c)r  the purpc)se. of
char.w[c~izing the.slfibility of 1.1’1’S-2, lorlg term rcfclcllcc of
LIE mmc~ to U’J~.-NJS”i’  indicate.s stahlc rcfc]mcc  \\illdo\\’s
bc.lwccn frcqucmc.y jumps iu S.I’SC-S3’I.

};igurc 4 shows Ihc Allan dct’iaticrn for a two wctk
into val of [hc 40 clay comparison. Ihring  this lime iTilcrvfil
Ihc flcquc.rlcy slability o f  tlm S“l’S~-S”l’l }1-mawr i s
particularly gcroci  as confirmed by the. G1’S cclm~)ariscln will)
NIS’1’.  lr~ this 14 day compalisorl, the differ cn!ial drift
trcmvccn 1.1”1’S-2 and the SIW-S”I’1  maser  is mcasurul  to be.
1.?{1 .4)x 1 (l’’/day. lkrr averagirlg  Iimc.s longer than 100,000
sc.cor)ds this rnc.asuremcnt i s  i n  agrc~mcn[  v.’i Lh lhe

pc.rfo]manec of 1. I”J’S-2  as ]uc.asu~-ed by 1. I’I’S-I (1 ig. 1).

Pkll onk  IWI-OVCIIICIIK  aud Jkdmirlg  SrmitiW Wih
I’hc 1:x(cMM I .inmr M ‘1’rtt~)  (1 .l-J’l;)

Because of Ihc low scmsitivity  to thcrmtil and magnetic
pcr[u[ba[ions, avcragil)g  tO  1015 stability is .wcomplished

w i t h  o n l y  minimfil  clc.ctronic  eontlol ar]d isolalion f r o m
cmvironmcn[al perturbations [6]. 1.1’1’S-1  find 1.1’1’S-2 are
research labc)ra!ory  s[andarcis  and though portabiC, arc ]101
highly rcgulalcd ‘J”hc  data prcse.ntcd  h?re was obtained
with the standards thermally rcgu]atcd  to 0.05 C aud a low
ficki differential magnetic shielding fi~ctor  of only 800. l-he
trapping potentials ale run “opc.r] looj)” and IIm ion uumbcr
is not aclivcJy sc.]rvoed. Sc.vcral irnlnol’cmcn(s to Ihc controi
cicctlonics aTc cx)ncntly under (ic.\’cloplncnt which should
allow the standards to ai’cragc ~~rith charac(mis[ic I/t”2
behavior m near 1x 10”1’.

II) addilion t o  rciying on fur[hcr  clc~lronic
il~~l>ro\’e.l~~c.l~[s  for in~provcd  sltibilily there are. ways to
reduct fundamental sensi[ivi[y  and s[ill maintain a practical,
room tc.rnl~c.ra[ure,  Wip  bascxt syslen~. An cxt e.ndc.d  VCI sion

of ttx  linear  ion trfip (1 .I’l’li)  is curIcn[ly  under  dcvc.lopmcnt
[ 13] which (akcs advantage. of Ihc csipabilily  to easily niovc
ions. By rno~’ing ions bclwcm  twro rcgic)lls of a linear ion
trap, d~c IWO often conflicting tasks of ion loading and
oplica) sl.$r!c Sc.]cction can be SCpfiratCd frOIll  Ihc lHiCl OWaW
intro ogalion rcgic]n which requires an cxccliellt :Iiagnetic
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Cl)vilrrl)lnc.r)t. Moviug the. ions into a long intcrl ogaticm
lcgiol} rcchlccs the. lincm icrn clcnsity wilhout sact ificing
signfil  ICI noise. ‘1’his not only rcclucls sensitivity to sc<oll(l
m dcr 1 Mpplcr pclturbat  ions but may allow operation al
lower magnc[ic  fields.

SOl~C!llSiQIJ

A  SCLOlld ‘9g11g-l tl appcd  iou frqucncy  Staudwd
1 .1’1-S-2, now Nmlc.r  continuous opcraticrn, lwovidcs  a
ca])fibility  for Wicasurillg stability beyond all cxisling
f[cquc.ncy  s[allclards  for averaging times lmgcr than ?O,OIM
seconds. Ir) a rcx-crll  fr cqucmcy  s(abili(y  comparison bclwctm
icm trap s(ar)(ialds  1 .I’J’S-1 find 1,1”1’S-?, cacb slandalcl  Steel-cd
a scjmrak VI G-1 1 hyclrogc.n maser rccc.ivct dcmcmstraling
stabili(ics  of 6xl ()”16 for tivc.raging  limes up 109 clays. “1’hc
Allar] clcviation of each standard was cr,(t )= 1 x 10“”/1”2
with O)c Ciif[crmlilrl cllift mcasurcxl 10 IX 3.2(2.7)X 10”l(’/day.
‘J-his r-ctwrining s]nal] drifl is }wcdcrlninal]tly ill 1 .1’1’S-1 and
con CMCS WC1l will] a measured drill in lbc tra~]ping potcn(ial.
A 40 day compfilison of 1.1’1’S-? against an auto-(  uncxl
]1-maser lcfcrcmc4xl to l_l’l  GNIST  prcrvicics  m upper limil on
tbc. drif[ of 1.1’1’S-2 of 1 .2(1 .4) Xl(J”’G/day.

With both s(andar(ls  opcr s l i n g  at tbc prcvicmsly
(lc.mcmslr  atcd shm[ lc.rm pcrfcrrmancc  of o)(l), ‘lx 1 O“”/t ‘“
a s(abilily of 1x10” lG sboul(l  bc possibk  in 5X 10$ seconds
:.i\rctl suflicicmt mfifyctic sbiclding find s[ability ill t h e
control electronics. h4c.asurcd  cnvirol]rmntat  sensitivities
indicfi(c  this car) k acccrmp]isbc.d  wilh regulation still lc.ss
sll ingcnl than fot bydrogcn  mwcrs.  in addition, 11X’ of a ncw
cxtcndcd lirmar ion trfip (1 ,l’I’1; ) configuration  should ful thcr
I cxiucc remaining scnsifivity 10 ion Ilumbcl  and magnc(ic
field flucioaticms,  allowing fm even higher s(abililics.
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